In aeronautics, honeycomb sandwich structures are widely used for secondary structures such as landing gear doors, flaps or floors, and for primary structures in helicopters or business jets. These structures are generally joined by using local reinforcements of the insert type. In the present study, 50 J low velocity impact tests were performed on inserts using a drop-weight device and the impact response and failure patterns were analysed. Impacted specimens were then pull-through tested to failure. Some of the tests were stopped before final failure in order to obtain precise details on the failure scenario. It was shown that, in the cases studied, the residual strength after impact was very high (about 90%) in comparison to the large reductions habitually observed in compression after impact tests.
Introduction
Inserts in sandwich structures are widely used in many fields, such as aeronautics, space and marine or civil engineering. The literature contains a very large number of studies concerning impacts on sandwich structures and their strength after impact (e.g. see literature [1] [2] [3] [4] [5] ). Sizing methodologies for impact have also been proposed [6] and then evaluated [7] but the specific problem of impact on junctions has not been addressed. Neither is this issue treated in reference books on impact in sandwich structures [8, 9] . In general, studies on inserts focus on static sizing methods based on analytical models that are more or less relevant; details can be found in the literature [10] [11] [12] . These methods are effective in practice as long as appropriate allowables are taken. Thomsen et al. [13] [14] [15] have developed refined analytical models that represent the stress concentrations well at the skin/insert/ core triple point and propose design rules for fully potted or partially potted inserts. An interesting application of these theories is found in the horizontal gradients of foam core that have been proposed to reduce stress concentration [16] . Nevertheless, these methods are limited to the linear domain. Bunyawanichakul et al. [17, 18] have shown that the failure scenario of a fully potted insert under pullthrough is complex: core shear buckling and tears in the vicinity of the insert, crushing of the potted insert under the screw head and then punching of the laminate skin. These authors propose a nonlinear finite element model to capture this scenario. Other research efforts have focused on various themes such as the strength variability of an insert in relation with the manufacturing process [19] , the reliability of inserts [20] , the development of new technologies [21] , the development of automated methods of installation [22] and the behaviour of inserts under environmental effects [23] . Enhanced FE Software and finite element formulation have allowed some authors to propose very refined models. Heimbs and Pein [24] have partially modelled insert tearing by representing the honeycomb core with its actual geometry and capturing the buckling of the cells in the vicinity of the insert. Roy et al. [25] used a similar strategy to model the pull-through of metallic inserts. Their proposed model simulates the linear load/displacement portion of the insert pull-out properly and closely predicts the onset of stiffness reduction. An experimental study was conducted by Song et al. [26] to investigate the effect of design variables, such as the core height and density, the face thickness and the insert clearance, on the failure loads of a sandwich insert joint. However, despite the obvious interest of the topic, the authors have found no papers on the subject of impact and insert (except their own conference papers [27, 28] ) and the subject is worthy of investigation.
So, the aim of this paper is first to analyse the damage due to an impact on an insert. There is a wide range of inserts and the choice made here was to use the same technology as Bunyawanichakul et al. [17, 18] . Impact tests were a priori performed on the insert and some distance away from it. The failure patterns were analysed. Then pull-through tests were conducted in the same way as in Bunyawanichakul et al. [17, 18] or Adam et al. [29] . Stopped tests were also used in order to propose a failure scenario. Finally, some conclusions on modelling strategies are proposed.
Materials and methods
The core was made of Nomex TM honeycomb with a cell size of 4.8 mm, a density of 48 kg/m 3 and a thickness of 10 mm. The potted inserts were made with 3 M ScotchWeld TM 3500-2B/A. The Nomex cells were filled with an in-house tool as shown in Figure 1 . The diameter of the insert was about 30 mm. The shape obtained was almost the same as in Raghu and Battley [19] and dispersion could not be avoided. The insert was cured at 175
C for 1 h. The skins were manufactured and cured separately. They were made of unidirectional carbon ply impregnated with dry resin and a hardener mixture (Araldite LY 5052 and hardener HY 5052) baked for 4 h at 80 C under a pressure of 7 bar. Two different skins were made: a thick skin (lower skin [45, 90, À45, 0] 2s , 3.2 mm thick) and a thinner skin (top skin [45, 90, À45.0] s , 1.6 mm thick). This choice was related to an innovative aeronautic floor designed by the industrial partners. The core and the skins were bonded with a redux film under vacuum at 120 C for 1 h to form 140 Â 140 mm 2 sandwiches after trimming. Finally, a hole of diameter 6.35 mm was drilled in the centre of each test piece (Figure 2 ). Fourteen specimens were manufactured (12 for impact tests and two pristine). Impact tests were performed using a drop tower system (same as in Castanieé t al. [1] ) with a 4 kg spherical impactor 16 mm in diameter. They followed the Airbus Industries Test Method (AITM 1-0010) (Figure 3(a) ), except for the size of the specimen (140 Â 140 mm 2 ) which was different because of the post-impact tests. The square specimens simply sat on a 120 Â 120 mm 2 frame. The velocity of the impactor was measured with an optical laser just before its impact with the specimen. A piezoelectric force sensor was placed inside the impactor to measure the acceleration during contact, which allowed the contact force during impact to be computed. The displacements of the rear face were measured by a second laser sensor. The anti-rebound system was manual, economic and efficient; it comprised a simple plank of wood driven by a quick young human neuronal system ( Figure  3 (b)). The specimen was then positioned so that, a priori, impact occurred on the insert or the honeycomb alone. Several tests at different impact energies were performed and an energy of 50 J was selected so that a residual dent >0.3 mm Barely Visible Impact damage (BVID) remained visible.
The same device as used by Bunyawanichakul et al. [17, 18] was employed to perform pull-through tests with a 100 kN Instron testing machine ( Figure 4 ). The specimen was simply supported on a square frame with an internal window of 110 Â 110 mm 2 . A machined bolt (NAS 6704-91) was mounted on the specimen as shown in Figures 5 and 6 . Then the nut was hand tightened and thus the insert was held between the bolt head and the spacer. The grips of the traction machine were applied to the machined part of the screw. A displacement sensor measured the displacement of the screw head during the test and the tensile force was given by the load cell of the machine. The test consisted of pulling the screw until it punched through the lower skin, leading to collapse of the structure. The test was displacement controlled at a speed of 2 mm/min.
Analysis of impact tests Discussion on impact location
Tests showed that there were three impact positions that generated quite different responses and damage scenarios: on the insert (case 1, Figure 7 ), on the border of the insert (case 2, Figure 7 ) and on the core (case 3, Figure 7 ). The geometric dispersion due to the traditional method of filling cells increased the experimental dispersion of this phenomenon, as already reported by Raghu and Battley [19] . The force/displacement curves were actually quite different (Figure 7 ) but the dispersion between the impact locations was low, allowing the impact site to be found a posteriori and the cases to be ranked. The peak force was higher in the case of an impact on the insert, which was to be expected given the greater stiffness of the structure. Moreover, all curves had the same, globally sinusoidal, beginning corresponding to a linear response of the structure, followed by clear force drops indicating that the cells of the honeycomb were first damaged by shear buckling of the cell edges in the vicinity of the potted insert [1, 2, 9] . This is consistent with what has already been reported in the literature. On the other hand, a very significant difference was observed between the impacts on the insert and on the core ( Figure 8 ) for the displacements of the rear face, indicating that a very different failure scenario occurred. It was also noted that the peak force was about 20% higher when the impact was on the insert.
Damage analysis for impact on the insert (case 1)
The tests were sorted and collected by impact position category. For three impact tests on the insert, the force/displacement curves are shown in Figure 9 . The dispersion is low, which shows that the failure scenario is probably still the same for a given configuration. The shape of these curves is very similar to those observed for impact on laminate [30] , suggesting that the honeycomb plays only a small role. To confirm this analysis, C-scans were carried out and vertical sections were cut (Figures 10 to 12 ). It appears that the indentation was very small ( Figure  10(a) ) when the impact was on the insert. This is why the relatively high impact energy of 50 J was used. The damage in the upper skin was located to the right of the impactor. Some damage appeared in the honeycomb but was limited to two or three circumferential cells around the insert. The skin was crushed locally at the impact but the damage was contained. Under the impact location, the insert seemed intact but the lower skin had significant damage. The C-scan ( Figure 11) showed very large delaminations oriented on the side of the impact location. These were also visible in the micrographic section (Figure 12 ). It seems, therefore, that the insert retransmitted most of the energy of the impact to the lower skin. This confirms (i) that the predominant damage occurred in the lower laminated skin and (ii) the a priori analysis of the shape of the force/displacement curve.
Damage analysis for impact on the border of the insert (case 2)
The load/displacement curves for three samples are given in Figure 13 . Qualitatively, the shape of the curve is quite different with a fairly large plateau that is typical of the response of honeycomb core sandwich to impact [1] [2] [3] [4] [5] [6] [7] [8] [9] . There is no peak force but the plateau force is about 20% less than the maximum force for an impact on the insert. The same type of analysis was conducted with postmortem microscopic observation and C-scans (Figures 14 and 15) . The residual indentation was more marked, with the appearance of broken fibres on the surface of the upper skin. Damage was also different in the core and in the insert. The insert was crushed on half its thickness and the honeycomb core was also crushed locally [31] . A C-scan of the lower skin showed large delaminations similar to that observed in the case of a direct impact on the insert. So in this case, even though the insert was observed to have undergone localized crushing, it remained sufficiently rigid during an impact to transmit the forces to the lower skin and to create large delamination. There was also marked damage to the upper skin (fibre breakage) but it remained localized around the impact. Qualitatively, the energy dissipated (area inside the force/displacement curve) was greater in this case than in the other two configurations, probably because the effects of several damage modes were accumulated.
Damage analysis for impact on the core (case 3)
The load/displacement curves for three samples are given in Figure 16 . Here, we find the classic response of sandwich structures with Nomex honeycomb core under impact [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In this case, the plateau area is smaller than in the previous case because there is energy absorption in the core, which explains the decrease of force at the end of the test and the absence of rebound. Because of the high impact energy (50 J), the upper skin was perforated ( Figure 17 ) and the honeycomb significantly crushed [31] . However, as shown in the C-scan of Figure 18 , no delamination damage was apparent in the lower skin, which confirms the force transmission role of the insert during the impact and the absorption role of Nomex honeycomb which protects the lower skin.
Summary
A summary of the damage in the three cases is proposed in Table 1 . The damage patterns differ significantly from one case to another. Especially when the impact occurs on the insert or even on its edge, the stiffness is sufficient to transfer impact force to the lower skin. So large delamination occurs in this lower skin although only a small part of the upper skin is damaged at the right of the impact. The delamination patterns are original and only one side of the specimen is affected, the rest being somehow ''protected'' by the insert. This is very different when the impact occurs on the honeycomb. In this case, the skin is perforated locally and the honeycomb absorbs a large part of the energy. So the lower skin is protected and no damage is found.
Pull-through after impact tests Test on pristine specimen
It was important to perform a test that would serve as a reference for explaining the failure scenarios and differences between the impact cases. The test curve is given in Figure 19 . The curve is partially similar to Bunyawanichakul's results [18, 19] . Part 1 is the linear response without damage. Part 2 is limited by a first change in slope and a slight load jump followed by a recovery of stiffness. To check the damage mode in this phase, a test was stopped and a C-scan taken. It showed that the skins were not damaged ( Figure 19) . A section also showed no damage in the core, which is consistent with the scenario of post-buckling shear in cells of the honeycomb in the vicinity of the insert presented in the literature [18, 19] . Damage in Zone 3 was not clearly identified as it was not possible to do a stopped test because of a lack of pristine specimens (only 2). The behaviour diverged from the literature [18, 19] . An explanation will be given by analogy with test impacted specimens later. The shape of the plateau zone (4) clearly showed that the screw punched the lower skin.
Test on impacted specimens
The force/displacement curves for the four configurations are shown in Figure 20 . The curves are very similar despite quite different damage patterns. If we look at higher loads, or Zone 4, it is clear that the reduction related to the impacts is weak, especially when compared to compression after impact tests [2, 8, 9] . The knowdown is less than 5% in case of impact on the insert and remains below 15% in case of impact on the edge or on the core. In the case of impact on the insert, the main type of damage is delamination in the lower skin. These delaminations have very little influence on the sandwich bending stiffness. The final failure is driven by the punching of the lower skin [17, 18] . So the impact damage modes on the insert do not have any great influence on the final failure. In the case of impact on the core, the damaged upper skin area is limited and, in the same way, has little influence on the final rupture scenario even though the reduction is more significant here. However, in the case of the pristine sample, the maximum displacement at failure is greater and the punch most progressive. It is possible that the punching of the lower skin interacts with a local buckling of the lower skin occurring due to the large delamination and the compression caused by overall bending. The other possibility is that the upper side impact creates local splitting that generates a sharp break. A post-mortem pattern with such splitting is shown in Figure 21 (b) and one of these local buckling events is shown in Figure 21 (a). If we look at part 1 of the test curves, we see that the slope of the three damaged inserts is similar while the slope of the pristine sample is higher. Then in part 2, the slopes become identical. As the C-scan of the stopped test (Figure 19 ) did not show any delamination in the lower skin, the first damage of the pristine sample can be attributed to post-buckling of the cells of the honeycomb in the vicinity of the insert. This scenario has already been demonstrated by Bunyawanichakul et al. [17, 18] both numerically and experimentally. Since the slope of the pristine sample is identical to those of the impacted specimens in part 2, it can be deduced that the honeycomb cells of these specimens are also sufficiently damaged during the impact to lose their initial stiffness. This observation is consistent with the qualitative observations of Figures 10, 14 and 17 . The behaviour in zone 3 is more difficult to explain. The four types of specimens have the same slope, which would mean a priori that the damage is identical and that the slight jump up from the areas 2 and 3 of the pristine specimen corresponds to the creation of identical damage. Nevertheless, it has been shown that the damages of the three impacted specimens are quite differents. Only one stopped test was conducted in this area, on the specimen impacted on the honeycomb, and cracks were found near the drilled hole in the lower skin ( Figure 22 ). This shows that the damage occurring during the tests was probably more complex and coupled.
Conclusion
An experimental study was conducted on impacts on an insert in sandwich structures. The behaviour and damage varied according to the position of impact: on the insert, on the edge of the insert or on the core. In the first two cases, the insert transmitted the impact force to the lower skin of the sandwich, creating large delaminations in it. In the case of an impact on the core, classical damage was retrieved and the lower skin and the insert were little affected. Pull-through tests were carried out and, whatever the impact location, the strength after impact remained high, losses of only 5-15% being observed. The full damage scenario is difficult to identify because many modes interact: buckling and fracture of the honeycomb cells, punch of the skin, delaminations, local buckling, fibre breakage near the hole edge. Only a dialogue between testing and calculation and more stopped tests would clarify the failure scenario. The modelling is challenging and only very advanced models, e.g. the discrete ply model used by the authors on similar problems [29, 32] , would capture damage in the skin. A fully nonlinear model able to capture compression/shear buckling of Nomex honeycomb, like the one recently developed by Seemann and Krause [33] , is also necessary.
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